In this paper we present quantum mechanical calculations for the energetics, nuclear dynamics, spectral shifts, and vibrational level structure of anthracene•He n (nϭ1,2) clusters in the ground (S 0 ) and in the first spin-allowed excited (S 1 ) electronic states. The anthracene-He potential in the S 0 state was described in terms of a sum of Lennard-Jones atom-atom potentials, while the potential in the S 1 state also included changes in dispersive energy and in repulsive interactions. Variational calculations were conducted for anthracene•He 1 . For anthracene•He 2 we carried out configuration interaction calculations with the wave functions consisting of Hartree products, accounting for boson permutation symmetry. Extensive, anisotropic, one-dimensional spatial delocalization of the He atoms on the anthracene microsurface, which originates from large-scale confinement by the aromatic molecule, is exhibited, being further enhanced by repulsive interactions in the S 1 state and by the He-He repulsion. The anomalous size-dependence of the ͑red͒ spectral shifts for the S 0 →S 1 electronic origin arises from mutually canceling dispersive and repulsive contributions which, together with the electronic-vibrational level structure, manifest quantum effects of anisotropic spatial delocalization, confinement and He-He interaction in nonrigid clusters.
I. INTRODUCTION
Cluster chemical physics focuses on the structure, isomer stereochemistry, electronic and nuclear level structure, spectroscopy, intrastate and interstate dynamics, electronic/ nuclear response and chemical reactivity of large, finite systems. [1] [2] [3] Central issues in this research area pertain to the bridging between molecular, surface and condensed phase systems 4 and to the utilization of cluster size equations 4 as scaling laws 5 for the nuclear/electronic response of nanostructures. Notable recent developments in this broad interdisciplinary research area pertain to the exploration of quantum clusters, where the nuclear dynamics is dominated by quantum effects. Landmark examples involve ( 4 He) n (n у2) and ( 3 He) n (nу25) quantum clusters, which exhibit large zero-point energy motion, being liquid down to Tϭ0 and manifest boson ͑for 4 He͒ or fermion ͑for 3 He͒ permutation symmetry. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Of considerable interest in this context is the phenomenon of superfluidity of boson ( 4 He) n finite clusters. 18 -23 The structure and nuclear dynamics of large clusters of ( 4 He) n (nӍ10 3 -10 5 ) were explored by the use of microscopic spectroscopic probes ͑e.g., dopant atoms or molecules [20] [21] [22] [23] ͒ or of a transport probe ͑e.g., an electron bubble 21 ͒, which provided compelling experimental evidence for superfluidity at 0.4 K. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] These experiments confirmed the conclusions from quantum path integral simulations of the collective excitations spectra and the superfluid fraction in smaller ( 4 He) n ͑nϭ64 and 128͒ clusters. 18 A variety of molecules have been spectroscopically studied in ( 4 He) n clusters. The smaller species, e.g., OCS, 23, 24 SF 6 , 25 and linear monomers 26, 27 studied by infrared spectroscopy provided information on the nature of local solvation in a superfluid. 28 -30 The larger molecules, e.g., glyoxal, 21 interrogated by electronic spectroscopy provided evidence for a gap between the zero phonon line and the phonon sideband, due to the excitation of rotons in the superfluid cluster. 21 Large organic aromatic molecules, e.g., tetracene and pentacene in ( 4 He) n clusters 31 provide new avenues for the interrogation of local superfluid solvation on molecular microsurfaces. The electronic origin of tetracene in 4 He clusters at 0.4 K revealed splitting ͑ϳ1 cm
Ϫ1
͒ of the zero phonon line, 31 which cannot be attributed to a rotational structure, and was conjectured to arise from some kind of isomeric species. 20, 31 These studies of molecular probes for superfluidity in 4 He droplets raise a renewed interest in aromatic-molecule• 4 He clusters. Aromatic molecule rare-gas heteroclusters M•͑Rg͒ n ͑Mϭbenzene, anthracene, tetracene, pentacene and RgϵNe, Ar, Kr, Xe͒ have been extensively studied during the last two decades 1, [32] [33] [34] [35] for the elucidation of structural spectroscopic and dynamic facets of microscopic solvation phenomena, of the details of low-temperature rare-gas interactions with a graphite related microsurface, and of the structure and nature of structural isomers for an energy landscape characterized by multiple potentials minima. 4 He atoms bound to aromatic molecules, 36 -51 constitute the extension of the M•Rg cluster family to the realm of nuclear quantum finite systems. Notable electronic-vibrational spectroscopic studies of benzene•He n (nϭ1,2), 36 ,37 2,3-dimethyl naphthalene•He, 48 and cyclopentadienyl•He radical 51 provided information on the cluster geometry, the van der Waals bond length, vibrational excitations and spectral shifts. The recent spectroscopic studies of Even and co-workers 49, 50 on naphthalene•He n , anthracene•He n , and tetracene•He n (n ϭ1 -10) in supersonic jets at Tϭ0.4 K, provided extensive information on abnormal spectral shifts of the electronic ori-gin of the S 0 →S 1 transition and on the vibrational level structure in the S 1 electronic state of these clusters.
Aromatic molecule-He (M•He n ) clusters are expected to exhibit some unique features due to nuclear quantum effects arising from large zero-point energy motion. These are manifested in the extensive delocalization of the He atoms on the aromatic microsurface and in the nonrigidity of the cluster donor to Tϭ0. Concurrently, large-scale confinement effects will prevail, with the large-amplitude motion of the He atoms in M•He n clusters being confined both vertically by the restoring force of the aromatic molecule and horizontally by the nuclear framework of the aromatic microsurface. Finally, the effects of boson ͑for 4 He͒ or fermion ͑for 3 He͒ permutation symmetry on energetics, nuclear dynamics, and collective excitations ͑for sufficiently large, low-temperature clusters͒ will be important. On the theoretical front, the delocalization of the He atom on the aromatic microsurface in excited vibrational states of 2,3-dimethyl naphthalene•He clusters was inferred by Bach et al. 48 from quantum mechanical calculations. Kwon and Whaley 52 conducted quantum path integral Monte Carlo simulations of benzene•He 39 clusters over the temperature range 0.6 -5 K, demonstrating the near complete localization of two helium atoms above and below the benzene ring. This classical-like spatial localization is consistent with the experimental spectroscopic determinations of the structure and bond length of benzene•He n (nϭ1,2) ͑Refs. 36, 37͒ and of cyclopentadienyl•He ͑Ref. 51͒ clusters. These conclusions are in an apparent dichotomy with the notion of large-scale nuclear motion and nonrigidity of M•He n clusters. However, in these He clusters, containing a single aromatic ring, the manifestations of horizontal ͑and vertical͒ confinement may be sufficient to attain nearly-rigid structures, whose spatial ͑averaged͒ configurations are amenable to study by the traditional methods of high-resolution spectroscopy. It thus appears that the manifestations of spatial delocalization should be explored in M•He n clusters containing large aromatic molecules, e.g., anthracene and tetracene. We present quantum mechanical calculations for the energetics and nuclear dynamics of anthracene•He n (n ϭ1,2) clusters in the ground electronic state (S 0 ) and in the first spin-allowed electronically excited state (S 1 ). The geometries and topologies of the potential energy surfaces were constructed from pairwise interactions, which provide considerable insight into the nature of the nuclear-electronic level structure of these systems. Our studies of these large aromatic microsurfaces reveal extensive spatial anisotropic delocalization of He atoms at the ground vibrational level, both in the S 0 and S 1 electronic states, bringing up the notion of nonrigid M•He n clusters. We shall account for the anomalous spectral shifts and for the vibrational level structure in the electronic-vibrational excitations of anthracene•He n (n ϭ1 -4) clusters, 49, 50 elucidating the implication of spatial delocalization, of horizontal large scale nuclear motion and of He-He interactions in these floppy quantum clusters.
II. METHODOLOGY

A. Potentials
For nonrigid clusters, e.g., anthracene•(He) n , whose (He) n subpart is expected to be subjected to spatial delocalization even at 0 K, the symmetry of the nuclear Hamiltonian ͑within the framework of the Born-Oppenheimer separation of electronic and nuclear motion͒ is determined by the symmetry of the confining rigid nuclear framework of the aromatic molecule and by the permutation group of the indistinguishable He nuclei.
In our calculations of the energetics, spectral shifts and vibrational level structure of anthracene•He 1 and anthracene•He 2 clusters we kept the anthracene molecule rigid and spatially fixed. In the ground electronic state S 0 of anthracene, the anthracene-He potential V 0 was described in terms of a sum of atom-atom Lennard-Jones 6 -12 potentials. We have utilized the potential parameters C-He ϭ3.099 Å, C-He ϭ13.92 cm Ϫ1 , H-He ϭ2.903 Å, and H-He ϭ5.761 cm Ϫ1 , which were taken from the study of Lim 53 on vibrational energy transfer in He-toluene. These potential parameters for the He-aromatic molecule interaction are more adequate than those based on the Hehydrogenated diamond interaction, 54 -57 which we used in our preliminary calculations. 58 The anthracene•He potential V 1 in the S 1 electronically excited state of anthracene is given by
where V DSS is the change in the dispersive energy between the S 1 and S 0 electronic states, which was calculated by the dispersive spectral shift theory of Shalev and Jortner, 34, 35 being given by
where ␣ A ϭ0.204 Å ͑Refs. 3 and 59͒ is the polarizability of the He atom, F ϭ24.5 eV its ionization energy, S ␣␤ (l) represents a geometric factor for the interaction of the C atoms ␣ and ␤ of the aromatic molecule with the lth He atom, while G ␣␤ contains the contribution of the transition monopoles on the C atoms ␣ and ␤ of the aromatic molecule. 34, 35 The scaling parameter in Eq. ͑2͒ was chosen, in accord with previous calculations for heavy rare gas clusters, 34, 35 as ϭ0.6. While for heavy rare gas-aromatic molecule clusters the dispersive contribution, Eq. ͑2͒, dominates the ͑red͒ spectral shift, 35 in the case of the anthracene•He 1 cluster the dispersive contribution to the ͑red͒ spectral shift V DSS ϭϪ11.0 cm Ϫ1 , estimated from Eq. ͑1͒, is by a numerical factor of Ϸ7 higher than the experimental spectral shift 49, 50 of ␦ 1 ϭϪ1.6 cm
Ϫ1
. This unusual behavior is due to the smaller C-He equilibrium distance, so that repulsive contributions can play a larger role in the excited state potential. We therefore introduced the term ⌬V LJ in Eq. ͑1͒, which represents the difference between the Lennard-Jones repulsive term of the S 1 and S 0 states, 62 to fit the ab initio data, we chose the simpler linear combination of Gaussians with respect to an analytical solution of the two-particle integrals in a subsequent work. The expansion coefficients and Gaussian exponents were obtained by a least squares fit and are given in Table I . Figure 1 shows the fitted potential together with the ab initio data points. The fit to the ab initio data is excellent with deviations of 0.5 cm Ϫ1 at the potential minimum ͑where VϭϪ7.6 cm Ϫ1 ͒, and of 1700 cm Ϫ1 at 1 a.u. ͑where V ϭ2.03•10 5 cm Ϫ1 ͒.
B. Variational calculations for anthracene"He 1
For anthracene•He 1 ͑An•He 1 ͒ we have performed variational calculations, using the following wave function ⌿(x,y,z) of the helium atom in the potential well of the aromatic molecule,
where c are the linear expansion coefficients. x and y denote the short and the long molecular axis, respectively, with the center-of-mass of the anthracene molecule as the origin of the coordinate system. At present, in all calculations of An•He 1 and An•He 2 , the coordinate z perpendicular to the molecular plane is restricted to values у0. As a consequence of the limitation zу0, the point group of the An•He n system is C 2v . The three-dimensional ͑3D͒ basis functions (x,y,z) are taken as products of one-dimensional ͑1D͒ functions,
The 1D functions x (x), y (y), and z (z) are the numerical solutions of the Schrödinger equation for onedimensional cuts V yϭ0,zϭopt (x), V xϭ0,zϭopt (y), and V xϭ0,yϭ0 (z) of the intermolecular potential V 0 (x,y,z) of the ground electronic state of anthracene. Specifically, the cuts V(x) and V(y) were taken for fixed values of yϭ0 and x ϭ0, respectively, and the z coordinate was optimized with respect to the minimum potential energy. The cut V(z) was taken at xϭ0, yϭ0. Figure 2 shows the 1D cuts V(x), V(y), and V(z) of the anthracene electronic ground state potential together with the lowest 1D eigenfunctions and their eigenvalues. Since the 1D functions are orthonormal, so are the 3D product functions, Eq. ͑6͒, which also form an orthonormal basis set. Each 3D basis function is completely characterized by the triple ( x , y , z ) 1D quantum numbers. As indicated in Fig. 2͑c͒ the 1D basis functions were considered only for zϾ0, i.e., tunneling or side crossing was disregarded in the linear variational calculations. The kinetic and potential energy integrals were calculated numerically. Our variational calculations for An•He 1 involve 165 3D basis functions, spanning all possible triples ( x , y , z ) for 0р x р4, 0р y р10, and 0р z р2. This basis set, derived from the 1D cuts of the ground electronic state potential V 0 (x,y,z), also served in the variational calculations of the S 1 state with the potential given by Eq. ͑1͒.
More extensive calculations were also conducted. Test calculations for anthracene•He 1 involving both sides of the aromatic molecule and large basis sets of up to 1200 3D ͑Lowdin orthogonalized͒ basis functions, consisting of our original basis set and additional Gaussian functions, were conducted. These calculations led to similar ͑within 1 cm Ϫ1 ) ground state energies, while the spectral shift, the transition energies and the Franck-Condon factors are relatively little effected. Side crossing or tunneling was not found to have a notable influence on transition energies in the energy range of interest ͑Ϸ40 cm Ϫ1 ͒, as the addition of basis functions located in the molecular plane, but beyond the hydrogen atoms, showed.
C. Configuration interaction calculations for anthracene"He 2
For the An•He 2 cluster we have performed configuration interaction ͑CI͒ calculations. The nuclear wave function was taken as a linear combination of symmetrized Hartree products ͑''permanents''͒ ⌬ a (1, 2) , so that
͑7͒ with 1 and 2 denoting the Cartesian coordinates of helium atoms 1 and 2,
where N a is the normalization integral of the permanent and P is the permutation operator. Each permanent is built up by the 3D basis functions defined in Sec. II B and is spin ͑0͒ and symmetry adapted. For a two-boson system there are two types of permanents, denoted here as type 1, ⌬ 1 (,), or type 2, ⌬ 2 (,), respectively, which are constructed either from identical 3D functions, , or from different 3D functions and ,
The notation of Eqs. ͑9͒ and ͑10͒ stresses the occupation of 3D basis functions, rather than the dependence on the atomic coordinates of helium atoms 1 and 2, cf. Eqs. ͑7͒ and ͑8͒. The Hamiltonian of the An•He 2 system is
where ĥ (1) and ĥ (2) are the one-particle operators, which consist of the kinetic energy operators of the helium atoms and the potential energy operator of the helium in the field of the aromatic molecule. ĝ (1,2) is the two-particle potential energy operator between the two helium atoms, for which the superposition of Gaussians, Eq. ͑4͒, was taken ͑Sec. II A͒. The matrix elements of the Hamiltonian in the basis of the permanents, Eq. ͑8͒, are
One-dimensional cuts of the anthracene-helium ground electronic state potential along the x, y, and z axes. For the cut ͑a͒ along the x axis, y was set to 0 and the z coordinate was optimized according to the minimum potential energy for the given x, y pair. Cut ͑b͒ along the y axis was taken at xϭ0 with the z coordinate optimized. The 1D cut ͑c͒ along the z axis was obtained for xϭ0 and yϭ0. The 1D eigenfunctions, which served as basis functions in the subsequent variational calculations, are included in the diagrams; their eigenvalues E I are given relative to the minimum potential energy Ϫ138.1 cm
Ϫ1
. To compare the spatial extension of the 1D wave functions in the x and y directions with the size of the molecule, the anthracene molecule ͑b͒ and its central ring ͑a͒ have been included at the same scale.
and
where 1 and 2 denote the entire three-dimensional definition range of helium atoms 1 and 2, respectively. All the one-and two-particle integrals were solved numerically, exploiting the C 2v symmetry of the confining onesided, rigid anthracene nuclear framework. The large number of two-particle integrals requires that the numerical solution is very efficient. The two-particle integrals are sixfold integrals, ruling out a numerical solution at first glance. However, the two-body potential g(1,2) depends on a coordinate difference, so that the sixfold integrals can be factorized into a threefold integral and three single integrals,
with xϭx 2 Ϫx 1 , yϭy 2 Ϫy 1 , zϭz 2 Ϫz 1 , and the crosscorrelation functions F x (x), F y (y), F z (z), e.g.,
In order to reduce the computational demand of each threedimensional integral, Eq. ͑17͒, the integration limit was truncated as much as possible, making use of the fact that g(x,y,z) acts as a damping factor of the products of the three cross-correlation functions. For the present calculation the integration was limited from Ϫ2.55 Å to ϩ2.55 Å. This truncation of the integration limit is justified by the fact that the repulsive part of the He-He potential gives the dominant contribution to the He-He integrals, and that the attractive He-He interaction is weak compared to the anthracene-He interactions.
Our CI calculation involved 165 3D basis functions, spanning the 1D quantum numbers 0р x р4, 0р y р10, and 0р z р2. From these 3D basis functions all possible permanents have been generated, resulting in Ϸ3600 permanents and Ϸ2.3•10 7 He-He integrals for each symmetry type of the point group C 2v .
III. RESULTS AND DISCUSSION
A. Spatial delocalization of He atoms
For the anthracene•He 1 ͑1͉0͒ configuration, the nuclear wave function of the vibrational ground state consists almost exclusively of 000 ͑coefficient 0.99 and 0.95 for the S 0 and S 1 electronic states, respectively͒. A cursory examination of the three 1D components of this ground state vibrational wave function ͑Fig. 2͒ reveals that the energy of the helium atom in the long axis y direction is located below the double minimum of the two outer rings and no tunneling splitting is exhibited for the motion along the long ͑y͒ in plane axis. Figure 3 shows the probability density P(x,y) of the helium atom on the anthracene surface for the ͑1͉0͒ configuration, ϭ0.99 Å in S 1 ͑Table II͒. The enhanced spread of the vibrational ground state density in the S 1 state along the y axis can be readily understood from a contour plot of the difference potential ⌬VϭV 1 ϪV 0 , i.e., a contour plot of the spectral shift, Fig. 4 . Due to the enhanced repulsion at the 9, 10 carbon atoms, the contour plot shows positive potential differences in the central ring, causing a decrease of the probability density in this region.
For the An•He 2 one-sided ͑2͉0͒ configuration extensive mixings of the permanents are exhibited for the ground vibrational levels of the S 0 and S 1 states, with the major contributions to the wave function being 0. ⌬( 0, 1, 0 0, 1, 0 )Ϫ 0.44 ⌬( 0, 1, 0 0, 3, 0 ) ϩ 0.51 ⌬ ( 0,2,0 0,2,0 ) for the S 1 state. The coefficient of the ⌬( 0,0,0 0,0,0 ) configuration in the vibrational ground state wave function for both the S 0 and the S 1 state is small ͑Ϸ0.1͒ due to the large He-He repulsion. Figure 5 shows the one-particle density P(x,y) for the ͑2͉0͒ configuration,
2 ͑ x 1 ,y 1 ,z 1 x 2 ,y 2 ,z 2 ͒. ͑20͒
Due to the He-He repulsion, P(x,y) is delocalized over the three aromatic rings in the y direction already in the ground electronic state. The spatial delocalization is even slightly enhanced in the S 1 state. The standard deviations in the x, y, and z directions are summarized in Table II . The one-particle densities allow for the observation and quantification of extensive anisotropic spatial delocalization of the He atoms on the anthracene microsurface in the ground vibrational state of anthracene•He n (nϭ1,2) clusters, both in the S 0 and S 1 electronic states. The spatial delocalization of both one or two He atoms along the perpendicular z axis, i.e., ͗⌬z 2 ͘ 1/2 ϭ0.3 Å, is quite substantial, but is confined by the strong restoring force of the aromatic frame. Similarly, the spatial delocalization for both the ͑1͉0͒ and ͑2͉0͒ configurations along the short horizontal x axis, i.e.,
ϭ0.54Ϫ0.60 Å, is confined by the horizontal nuclear framework of a single aromatic ring. We also note that the He-He repulsion in the ͑2͉0͒ configuration does not markedly modify the spatial delocalization across the z and x axes in large aromatic molecules, which are dominated by the vertical ͑z͒ and horizontal ͑x͒ confinement. The physical situation is drastically different for the large scale horizontal motion along the long y axis on the microsurface of large aromatics, which reveals a considerable sensitivity to the repulsive interactions with the large aromatic frame for   FIG. 4 . The contour plot of the difference potential ⌬VϭV 1 ϪV 0 on the anthracene molecular surface. For each point in the x, y plane the z coordinate was optimized according to the minimum potential energy at that point. ͑a͒ The total difference potential, ͑b͒ the dispersive, and ͑c͒ the repulsive contributions to the difference potential. 
B. Spectral shifts
Even et al. observed 49, 50 an anomalous size dependence of the spectral shifts of the S 0 →S 1 electronic origin of anthracene•He n (nϭ1 -4) clusters, which correspond to the lowest-energy excitation of each mass-selected cluster ͑Fig. 6͒ are to the red, manifesting the dominance of dispersive interactions for ␦. The nϭ1 cluster reveals a low value of ␦ 1 ϭϪ1.6 cm Ϫ1 , which was attributed to the one-sided ͑1͉0͒ structure. 49 The configurations of larger clusters (n ϭ2 -4) were inferred 49 on the basis of additivity rules for spectral shifts. 49 The nϭ2 cluster, with ␦ 2 ϭϪ3.2 cm Ϫ1 , was assigned 49 to the two-sided ͑1͉1͒ cluster in view of the additivity relation ␦ 2 ϭ2␦ 1 . The large jump of ␦ 3 ϭϪ12.6 cm Ϫ1 was attributed 49 to the ͑2͉1͒ structure for anthracene•He 3 . The experimental spectral shift ␦ 4 ϭϪ21.9 cm Ϫ1 for the nϭ4 cluster was assigned 49 to the two-sided ͑2͉2͒ structure, with the experimental value of ␦ 4 being in accord with the estimate ␦(2͉2)ϭ2␦(2͉0)
. The anthracene•He n clusters reveal an irregular pattern of the spectral shift, with an abrupt jump of ␦ n versus n at nϭ3 ͑Fig. 6͒, which is manifested by the surprisingly large enhancement of ␦ for ␦͑2͉0͒ relative to the ͑1͉1͒ configuration. This behavior is in marked difference with spectral shifts of aromatic molecules with heavy rare gases ͑Ar, Kr, Xe͒, where the size dependence of ␦ is gradual and isomer specificity of ␦ is small ͑10%-20%͒. 35 We shall now show that this dramatic large difference between the spectral shift for two-sided and one-sided structures of anthracene•He 2 originates from the large amplitude quantum motion of two He atoms on the microsurface of anthracene, which will change the balance between the dispersive and repulsive contributions to the spectral shift.
The vibrational states of the ͑1͉0͒ and ͑2͉0͒ cluster configurations are classified according to the point symmetry of the ͑one-sided͒ anthracene microsurface. The vibrational level structures in the S 0 and S 1 states are presented in Fig.  7 . The spectral shifts for the electronic origin of the S 0 →S 1 transition were calculated from the difference of the 7͒. The spectral shift ␦͑1͉0͒ for the nϭ1 (1͉0) configuration is calculated as ␦(1͉0)ϭϪ1.6 cm Ϫ1 and is presented in Fig. 6 . This small spectral shift constitutes nearcancellation between dispersive, attractive ͑red͒ and repulsive ͑blue͒ contributions.
The spectral shift can also be approximately estimated from the first moment of the difference potential ⌬V ͑Fig. 4͒, being given by the expectation value of ⌬V for the oneparticle ͑nuclear͒ density P(x,y,z) of the vibrational ground state of S 0 ,
Knowing the one-particle density, this approximate expression can provide information concerning parts of the molecule that contribute to the spectral shift, and it provided us with a valuable tool for adjusting the excited state potential V 1 , presented in Sec. II A and utilized herein. The oneparticle density for the ͑1͉0͒ and ͑2͉0͒ configurations, which are markedly delocalized in the y direction, caused the drastic increase of the red spectral shift, calculated in Eq. ͑20͒, from Ϫ1.6 cm Ϫ1 for the ͑1͉0͒ configuration to the value of Ϫ11 cm Ϫ1 for the ͑2͉0͒ configuration. The marked enhancement of the red spectral shift reflects on the large increase of the anisotropic delocalization due to He-He repulsion, which drives the density towards outer regions of negative ⌬V values ͑Fig. 4͒ in the ͑2͉0͒ configuration.
The calculated spectral shift for the ͑2͉0͒ cluster, obtained from the difference of the 1A 1 state eigenvalues in S 1 and S 0 , is ␦ϭϪ10.7 cm Ϫ1 , being higher by a numerical factor of ϳ7 than the corresponding spectral shift for the ͑1͉0͒ cluster. Invoking the additivity rules for anthracene•He n (nϭ1 -4) we used our theoretical results for the ͑1͉0͒ and ͑2͉0͒ configurations to calculate the spectral shift for the n ϭ2(1͉1), nϭ3(1͉2), and nϭ4(2͉2) clusters. The calculated spectral shifts ͑Fig. 6͒ account well for the abrupt jump in ␦ versus n between nϭ2 and nϭ3, originating from the enhancement of dispersive interactions due to large amplitude parallel motion of the two He atoms located on one side of the microsurface of anthracene.
C. Electronic-vibrational level structure
The calculated vibrational level structures of the ͑1͉0͒ and ͑2͉0͒ configurations ͑Fig. 7͒ provide information on electronic-vibrational spectroscopy of anthracene•He n clusters (nϭ1 -4). The vibrational level structure in the S 0 state of anthracene•He 1 ͑Fig. 7͒ reveals that the lowest vibrational excitations are 7.3 cm Ϫ1 (1B 2 ) and 12.0 cm Ϫ1 (2A 1 ), respectively, so that their thermal population is negligible under the experimental conditions of Even et al. (Tϭ0.4 K) . 49, 50 Accordingly, only S 0 (1A 1 )→S 1 (nA 1 ) electronic-vibrational transitions, which involve the 1A 1 state as the initial state, contribute to the spectra. We calculated the transition energies and the Franck-Condon vibrational overlap factors for the allowed S 0 (1A 1 )→S 1 (nA 1 ) electronic-vibrational excitations of the ͑1͉0͒ and ͑2͉0͒ configurations. These data allowed us to obtain the anthracene•He n (nϭ1 -4) vibronic spectra by again invoking the additivity rules. The calculated nϭ1 cluster spectrum corresponds to ͑1͉0͒, the calculated nϭ2 cluster spectrum is taken as that for (1͉1)͓ϭ(1͉0) ϩ(0͉1)͔, the calculated nϭ3 cluster spectrum was chosen as that for (2͉1)͓ϭ(2͉0)ϩ(0͉1)͔, while the nϭ4 calculated spectrum was attributed to (2͉2)͓ϭ(2͉0)ϩ(0͉2)͔. The comparison between the calculated stick spectra and the experimental spectra 49, 50 is presented in Fig. 8 . The prominent calculated vibrational excitations in the S 1 state origi- nate from major contributions of x,0,0 ͓x͔, 0,y,0 ͓ y ͔, x,y,0 ͓xy͔, and of 0,0,z ͓z͔, 0,y,z ͓ yz͔, where ͓x͔, ͓ y ͔, and ͓z͔ denote the major contributions to the nuclear excitations from the corresponding one-dimensional components of the basis functions and are marked in Fig. 8 ͒ of the ͑2͉0͒ configuration. There is one notable discrepancy in the confrontation between our theoretical calculations and experimental reality. The spectral feature at 16.5 cm Ϫ1 experimentally observed for the nϭ2 cluster ͓Fig. 8͑b͔͒, which we attribute to the two-sided ͓(1͉0)ϩ(0͉1)͔ configuration, cannot be assigned by the theoretical calculations. This discrepancy calls for further work transcendenting the approximation of one-sided anthracene•He 2 configurations, while large amplitude nonrigid motion in excited vibrational states can result in overside crossing and nuclear tunneling of the He atom.
IV. CONCLUDING REMARKS
Our study of anthracene•He n (nϭ1,2) clusters reveals extensive spatial delocalization of the He atoms in the ground vibrational state, both in the S 0 and S 1 electronic states. The spatial delocalization of He on anthracene is highly anisotropic. The delocalization in the z and x directions ͑Table II͒ is confined by the perpendicular restoring force of the aromatic frame and by the horizontal nuclear framework of a single aromatic ring and only weakly depends on small changes in C-He repulsion in the S 1 state and on the strong He-He repulsion. This extent of vertical ͑z͒ and horizontal spatial delocalization is expected to prevail also for He motion in a single aromatic ring of benzene 36, 37 or cyclopentadienyl, 51 for which high resolution spectroscopy can be analyzed in terms of ''apparent rigidity'' of the ͑floppy͒ ''small'' clusters. 63 The interesting notion of near complete localization of the two He atoms above and below the benzene ring in benzene•He 39 inferred by Kwon and Whaley 52 is not expected to apply for large aromatic molecules like anthracene.
The large 1D anisotropic spatial delocalization of He atoms along the y axis of anthracene•He n clusters ͑Table II͒ brings up the details of the nonrigidity 64 of these systems in their ground vibrational states. Two elements of the enhancement of the 1D spatial delocalization involve ͑i͒ the modification of the He-aromatic molecule repulsive interaction by the electronic S 0 →S 1 excitation of the microsurface, and ͑ii͒ the role of He-He repulsive interaction in spreading the nuclear density across the long, in-plane molecular axis. Regarding the implications of He-He interactions, it should be noted that the description of the He-He interactions involves both He-He repulsion on boson permutational symmetry effects. Further exploration of the consequences of permutation symmetry will be conducted by CI studies of anthracene•( 3 He) 2 clusters. All large aromatic hydrocarbons are expected to induce anisotropic delocalization. The details of the spatial anisotropic delocalization in aromatic molecule•( 4 He) n clusters will depend crucially on the geometry and the topology of the aromatic microsurface. Linear, long aromatic hydrocarbons, i.e., anthracene, tetracene, and pentacene will exhibit 1D spatial delocalization, while ''circular'' aromatics, e.g., pyrene, perylene or ovalene will ex- hibit 2D spatial delocalization of He atoms, which is expected to be enhanced by He-He repulsion, calling for further theoretical and experimental studies. The spectral shifts of the electronic origin of the S 0 →S 1 transition in nonrigid anthracene•He n clusters (nϭ1 -4) arise from mutually canceling dispersive ͑red͒ and repulsive ͑blue͒ contributions, which result in very small overall ͑red͒ spectral shifts for the nϭ1 (1͉0) and nϭ2(1͉1) clusters. The abrupt increase of the red spectral shifts for nϭ3 and nϭ4 manifests the consequences of the nuclear dynamics of two He atoms on one side of the aromatic microsurface, which involve the large scale nuclear motion ͑both in the S 0 and S 1 states͒ and the enhanced 1D delocalization in the S 1 state of these floppy clusters.
The vibrational level structure of the anthracene•He n (nϭ1 -4) clusters provides information on the energetics of the quantum states for the large amplitude nonrigid motion in the ͑1͉0͒ and ͑2͉0͒ configuration in the S 1 electronic states where 1D spatial delocalization is extensive. The good accord between the calculated energetics and, in particular, the Franck-Condon factors for the nϭ1(1͉0) cluster ͓Fig. 8͑a͔͒ inspires confidence in our description of the nuclear dynamics in these nonrigid systems. On the other hand, a discrepancy was documented in Sec. III C between theoretical and experimental details of the S 0 (1A 1 )→S 1 (nA 1 ) vibronic spectra. This involves the excess experimental spectral feature at 16.5 cm Ϫ1 for the nϭ2 cluster ͓Fig. 8͑b͔͒. This sin of excess indicates that the additivity rules, 35 which were invoked for the experimental assignment and the theoretical description of the anthracene•He n (nϭ1 -4) spectra, may not strictly apply for the vibronic level structure. In contrast, the experimental S 0 →S 1 spectra of tetracene•He n reported by Even and Al-Hroub 50 reveal that the spectra of the nϭ1 and nϭ2 clusters, which can be assigned to the ͑1͉0͒ and ͑1͉1͒ configurations, respectively, exhibit the spectral shifts of their origins with ␦ 2 ϭ2␦ 1 , and reveal an identical vibronic level structure, in accord with the additivity rules. Further exploration of the onset of the breakdown of the additivity rules in these M•He n clusters will be informative. It is also possible that, in view of the enhancement of delocalization of the He atoms in excited vibrational states, 48 the additivity rules will be applicable for the electronic origin, while in excited vibrational states deviations from additivity, due to surface crossing, may occur.
The nature and spectra of ''isomeric species'' in aromatic molecule•( 4 He) n clusters may be relevant for paving the way towards the understanding of collective excitations of 4 He atoms confined on a large aromatic molecule and of the solvation of aromatic molecules in superfluid 4 He clusters.
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Of course, the notion of these ''isomeric species'' does not rely on traditional concepts of stereochemistry for isomers in rigid molecular structures, but rather are identified as ͑1͉0͒ or ͑2͉0͒ configurations of nonrigid systems, which are subjected to permutation symmetry of identical particles for nϾ1, Toennies et al. 31 reported a splitting ͑ϳ1 cm Ϫ1 ͒ of the electronic origin of the S 0 →S 1 transition of tetracene in large ( 4 He) n (nϭ5000) clusters, which was tentatively assigned to some ''isomeric species'' ͑or rather distinct ''configurations''͒. The theoretical description of the S 0 →S 1 spectra of anthracene•( 4 He) n (nϭ1 -4) clusters spectra presented herein, reveals that the lowest excitations are exhibited at 9 cm Ϫ1 above the electronic origin. Furthermore, the spectral splitting between the electronic origins of An•He n isomer structures, e.g., nϭ2(1͉1) and ͑2͉0͒, are large ϳ8 cm Ϫ1 . The experimental S 0 →S 1 spectra of tetracene•He n (nϭ1 -10) at 0.4 K ͑Ref. 50͒ do also not reveal any small splitting ͑ϳ1 cm Ϫ1 ͒ of the electronic origin. Accordingly, the spectroscopic implications of microscopic solvation of large aromatic molecules in superfluid 4 He droplets 31 cannot be accounted for in terms of the spectral features ͑vibronic structure or isomer splitting͒ of the corresponding small clusters and require further exploration.
